The growth cessation of plant axis has been related with the formation of diphenyl bridges among the pectic components of the cell wall caused by the action of apoplastic peroxidases using hydrogen peroxide as electron acceptor. The formation of diphenyl bridges is prevented by the presence of ascorbate in the apoplastic fluid which acts as a hydrogen peroxide scavenger. The current work focuses on the role of the apoplastic ascorbate and hydrogen peroxide in the cell growth. The addition of hydrogen peroxide caused an inhibition of the auxin-induced growth as well as a significant decrease in the cell wall creep induced by acidpH solutions. The hydrogen peroxide content in apoplastic fluid increased with the hypocotyl age and along the hypocotyl axis of 10-day-old pine seedlings, as the growth capacity decreased. On the other hand, the ascorbate content in the apoplastic fluid decreased with the hypocotyl age and along the hypocotyl axis of 10-day-old seedlings. A very significant correlation between the hydrogen peroxide apoplastic level and the growth rate as well as between the ascorbate/hydrogen peroxide molar ratio and the growth rate of hypocotyls have been found suggesting that the redox state is the main factor controlling the cell wall stiffening mechanism and thus growth in pine hypocotyls.
Introduction
Our previous work showed that the growth capacity of pine hypocotyls of intact seedlings (Lorences and Zarra 1986) , as well as auxin-induced growth of hypocotyl segments (Lorences and Zarra 1987) , decreased with seedling age and also from the cotyledonary node towards the hypocotyl basal region (Lorences et al. 1990) . That decrease in growth capacity has been related with cell wall stiffening caused by the formation of diphenyl bridges between carbohydrate components of cell walls (Sánchez et al. 1996) . Ferulic acid was the main hydroxycinnamic acid found in Pinus pinaster hypocotyl cell walls and it was associated with arabinose-rich pectins (Sánchez et al. 1996) . Dehydrodiferulic acids were also found, the 8-8′ couple being the main one. The amount of diferulic acids (mainly 8-8′ coupled) increased as the growth capacity decreased. Peroxidases from pine cell walls were able to oxidize ferulic acid. Ascorbate levels in apoplastic fluid from pine hypocotyls showed a positive relation with growth capacity (Sánchez et al. 1997) . So, the presence of ascorbate prevents the formation by the apoplastic peroxidases of diphenyl bridges at the same time that hydrogen peroxide (H 2 O 2 ) is scavenged, as it has been shown for different materials (Smirnoff 1996) as well as for pine hypocotyls (Sánchez et al. 1997) . Furthermore, H 2 O 2 is a necessary substrate for the apoplastic peroxidases, and it has been considered to be a limiting factor in wall stiffening (Schopfer 1996) .
Thus, cell wall stiffening in pine hypocotyls caused by peroxidase-mediated dehydrodiferulic linkage formation seems to be regulated by the apoplastic levels of ascorbate and H 2 O 2 . While the ascorbate levels are high, the H 2 O 2 present in the apoplast would be consumed by cell wall peroxidases oxidizing ascorbate and preventing the oxidation of pectin esterlinked ferulates. However, when the ascorbate levels in the apoplast decreased and the H 2 O 2 levels increased, the formation of diferulic bridges would take place leading to a decrease in the cell wall extensibility causing the cessation of growth.
Results

Effect of H 2 O 2 on auxin-induced growth
The effect of H 2 O 2 on auxin-induced growth of isolated segments of pine hypocotyls is shown in Fig. 1 . Auxin was able to induce growth of pine hypocotyl segments as previously described (Lorences and Zarra 1987) . The addition of 10 mM H 2 O 2 to the incubation medium reduced about 60% the auxininduced growth, while the growth of the controls was not significantly affected. An inhibitory effect of H 2 O 2 on auxininduced growth has been also found for maize coleoptile segments (Hohl et al. 1995) . H 2 O 2 was less effective on pine hypocotyls than on maize coleoptiles, probably caused by a lower diffusion through the pine epidermis. The auxin-induced growth of maize coleoptiles was inhibited about 80-90% by 1 mM H 2 O 2 .
The method proposed by Hohl and Schopfer (1992) which allows separating reversible and irreversible length changes, was used to study the effect of the H 2 O 2 (Fig. 2) . Auxin increased both irreversible and reversible length by a 16% and 42% as compared to the initial value, respectively. H 2 O 2 did not significantly affect the auxin-induced increase in the irreversible length, but it completely inhibited the increase in the reversible length.
Constant-load extension
The kinetics of the constant-load extension of pine cell walls is shown in Fig. 3 . As described for other materials (Cosgrove 1997 , Peña et al. 1999 , acid-pH solution also induced creep in frozen-thawed pine hypocotyl segments. The creep was significantly decreased when the hypocotyl segments were pre-incubated for 1 h in 10 mM H 2 O 2 . However, this effect was not significantly increased when horseradish peroxidase was added to the pre-incubation medium. The addition of peroxidase alone had not effect on creep (data not shown). While peroxidases remain in the cell walls, H 2 O 2 had probably been washed out during the preparation of pine hypocotyl segments.
Apoplastic ascorbate and H 2 O 2
Apoplastic fluid was free of cytoplasmic contamination as indicated by the negligible glucose-6-phosphate dehydrogenase activity found, less than 0.02% of the whole tissue (data not shown). Both ascorbate and H 2 O 2 were present in the apoplastic fluid of pine hypocotyls (Fig. 4) . The ascorbate levels did not show changes until 13 d but after that they dramatically decreased. On the other hand, the H 2 O 2 levels continuously increased with the hypocotyl age. The amount of ascorbate and H 2 O 2 in the apoplastic fluid extracted from the different regions of 10-day-old hypocotyls was also measured (Fig. 4) . The highest value for ascorbate content was found at the apical region (region I) and decreased towards the hypocotyl basal region. On the other hand, both apical and sub apical regions (I and II) showed a low content in H 2 O 2 , while the basal regions, III and IV, showed a higher content.
Discussion
The ability to extend the plant cell walls results from the interplay of two different processes (Hohl and Schopfer 1992) : (a) loosening of load-bearing bonds in the wall matrix, leading to an increase in the extensibility of the wall and (b) stiffening through the insertion of stabilizing crosslinks between loadbearing polymers, which is based on the formation of diphenyl bridges (Wallace and Fry 1994) . The formation of these diphenyl bridges being catalysed by apoplastic peroxidases using H 2 O 2 as oxidant to generate phenoxy radicals.
Auxin-induced growth in pine hypocotyl segments ( Fig. 1 ) increased not only the irreversible length but also the reversible length (Fig. 2) . H 2 O 2 inhibited growth through the inhibition of the increase in the reversible length but it did not show a significant effect on the irreversible length. Hohl et al. (1995) suggested that cell wall growth takes place through the increase in the irreversible length at the expense of the reversible one, the latter being continuously regenerated. If that hypothesis is assumed, H 2 O 2 in cooperation with peroxidases crosslinked the wall, transforming the reversible length into an irreversible one, at the same time preventing the regeneration of the reversible components. Thus, H 2 O 2 did not significantly decrease the irreversible length because caused the transformation of the reversible component into the irreversible one through crosslinking, Fig. 1 were frozen and the irreversible length was measured and reversible was calculated as described in the material and methods section. Dotted lines correspond to values for initial segments, before incubation. Mean values ± SE (n = 20). **, significant difference at P <0.01 as compared with controls without H 2 O 2 ; ***, idem at P <0.001.
but inhibited the regeneration of the reversible one. Although other effects of H 2 O 2 on the physiology of cells (e.g. protoplast turgor pressure, auxin catabolism) cannot be discarded, the results shown in Fig. 3 confirm our hypothesis that growth inhibition was caused by changes in the mechanical properties of cell walls. The inhibitory effect was not significantly increased by the addition of exogenous peroxidase suggesting that the limiting factor for the wall stiffening might be the apoplastic levels of H 2 O 2 as they have been previously considered by Schopfer (1996) . In fact, the amount of H 2 O 2 in the apoplastic fluid increased with the hypocotyl age, as well as along the hypocotyl axis from the upper region I towards the basal region IV, (Fig. 4) as the growth decreased (Lorences and Zarra 1986) . That increase in the amount of H 2 O 2 in the apoplast took place at the same time that both peroxidase activity (Sánchez et al. 1995) and the amount of dehydrodiferulic bridges in the wall increased (Sánchez et al. 1996) . On the other hand, the amount of ascorbate in the apoplast did not show important changes until the 13th day and after dramatically decreased (Sánchez et al. 1997) , but the growth rate continuously declined (Lorences and Zarra 1986) . The ascorbate levels in the apoplast from 10-day-old hypocotyls also decreased from the apical region towards the basal region. The amount of apoplastic dehydroascorbate, which has been measured under the same experimental conditions in a previous paper (Sánchez et al. 1997) , was small, about 10-20% of total apoplastic ascorbate and dehydroascorbate, and it only increased to 30-35% when the growth had already ceased. Thus, it seems that both apoplastic ascorbate and H 2 O 2 are involved in the control of the cell wall stiffening and in consequence, the growth cessation. Furthermore, it has been shown that ascorbate is able to scavenge the apoplastic H 2 O 2 preventing the formation of dehydrodiferulyl linkages (Sánchez et al. 1997) .
H 2 O 2 continuously increased from the 7th through the 16th day as well as from the apical through the basal region of 10-day-old hypocotyls (Fig. 4) . However, ascorbate maintained its apoplastic level until the 13th day and then abruptly decreased (Fig. 4 , Sánchez et al. 1997) . Moreover, it decreased from the apical region towards region III and then slightly increased in 10-day-old hypocotyls. In fact, the correlation fac- Fig. 3 Effect of H 2 O 2 and horseradish peroxidase on creep of pine cell walls. Thawed segments prepared as described in the material and methods section were incubated at 25°C for 1 h with shaking in 2.5 ml of 10 mM H 2 O 2 in presence (C) or absence (B) of peroxidase (165 units, Type II from horseradish, Sigma). As control (A) the segments were incubated in distilled water. After the incubation, the segments were washed with 50 mM HEPES buffer pH 6.8 and settled in the extensiometer with a distance between clamps of 1 cm and incubated with the same buffer. After signal stabilization (15 s), a 20 g mass was applied and extension was continuously recorded. The incubation solution was changed to 50 mM sodium acetate buffer pH 4.5 at 10 min after load application as indicated by the arrow. The extension recorded for 30 min after buffer change was considered as creep (right panel). Mean values ± SE (n = 10). **, significant difference at P <0.01 as compared with controls; ***, idem at P <0.001. tor between the ascorbate level and growth was lower (r 2 = 0.6235, P <0.05) than between H 2 O 2 and growth (r 2 = -0.7409, P <0.005) (Fig. 5) . Furthermore, when the molar ratio of ascorbate/H 2 O 2 and the hypocotyl growth rate at different ages as well as along the hypocotyl axis were compared, a very significant correlation (P <0.005), the r 2 value being 0.7512, was also found (Fig. 5) . Thus, it seems clear that the redox state of the apoplast, expressed as the molar ratio between ascorbate and H 2 O 2 , is controlling the cell wall stiffening of pine hypocotyls, apoplastic H 2 O 2 being the main factor controlling that redox state. Further studies on the way to elucidate how the plant cells are able to control the redox state of the apoplast will be necessary.
Material and Methods
Plant material
Seeds of Pinus pinaster Aiton were soaked in running tap water for 24 h and then germinated and grown at 25°C in darkness, as previously described (Sánchez et al. 1995) . Whole hypocotyls were harvested at 7, 10, 13 and 16 d after soaking. Ten-day-old hypocotyls were divided into four 5-mm sections from the cotyledonary node towards the base, and named I, II, III and IV as the distance from the cotyledonary node increased (Sánchez et al. 1995) .
Hypocotyl growth of intact seedlings
The length of the hypocotyls was measured and the growth rate was calculated as the ratio between the length increase during 24 h divided by the initial length.
The hypocotyls of 10-day-old seedlings were divided into four 5-mm regions by indian ink marks from the apical towards the basal region, and named as regions I, II, III and IV, respectively. The growth rate was measured as the ratio between the length increase during 24 h of each region divided by the initial length at 10 d, 5 mm.
Growth of isolated segments
Apical segments, 10 mm long, were excized from 10-day-old seedlings and incubated with 50 mM potassium citrate-phosphate pH 6.5 in the presence or absence of 10 -4 M indole-3-acetic acid and different concentrations, 0, 2.5, 5.0, 7.5 and 10 mM, of H 2 O 2 . After 6 h under gentle shaking at 25°C and in darkness, the lengths of segments were measured at the nearest 0.05 mm with an overhead projector. Then, the segments were frozen with a freeze spray. They were thawed overnight in water at room temperature and their length measured as mentioned above. The length after thawing was considered as the irreversible length. The difference between the in vivo length and the irreversible length was considered to be the reversible length (Hohl et al. 1995) .
All growth experiments were performed under dim green safelight.
Extensibility measurement
Whole hypocotyls were harvested at 10 d after soaking. Apical 1.6 cm were cut with a razor blade and frozen in liquid nitrogen. Hypocotyl segments were stored at -20°C and always used within 1 week. The epidermis of the frozen hypocotyl segments was cut longitudinally in two opposite regions with a razor blade to allow the medium to penetrate and then they were thawed at room temperature, pressed between two glass-plates to remove sap fluid, and thoroughly washed with distilled water. The segments were incubated at 25°C for 1 h with shaking in 2.5 ml of 10 mM H 2 O 2 in the presence or absence of peroxidase (165 units, Type II from horseradish, Sigma España, Spain). As control the segments were incubated in distilled water.
Extensibility measurements were performed in a custom-built constant-load extensometer as described by Cosgrove (1989) and Peña et al. (1999) . After the incubation, the segments were washed with 50 mM HEPES buffer pH 6.8 and settled in the extensiometer with a distance between clamps of 1 cm and incubated with the same buffer. The extension was continuously measured with an angular voltage displacement transducer (mod. LNB22, Sakae, Kanagawa, Japan), and data converted into a digital signal with a 16-bit analogic-digital converter and recorded with a personal computer. After signal stabilization (15 s), a 20 g mass was applied and extension was continuously recorded. The incubation solution was changed to 50 mM sodium acetate buffer pH 4.5 at 10 min after load application. Thirty min later, the 20 g mass was removed and extension was measured for an additional 5-min period.
Apoplastic fluid extraction
Apoplastic fluid from intact hypocotyls at all ages, or 10-day-old hypocotyl regions, was collected from intercellular and wall spaces by vacuum infiltration and low-speed centrifugation as previously described (Sánchez et al. 1997) . In brief, hypocotyl sections were packed in a 5-ml syringe barrel, washed with 20 mM potassium phosphate pH 6.0 and ice-cold water, infiltrated at reduced pressure (ca 2 kPa), and the apoplastic fluid obtained by centrifugation at 1,000×g for 15 min was recovered on trichloracetic acid at a final concentration of 5% for inactivation of H 2 O 2 -degrading enzymes (Warm and Laties 1982) .
H 2 O 2 determination
H 2 O 2 was measured in the apoplastic fluid by chemiluminescence in a ferricyanide-catalyzed oxidation of luminol (Warm and Laties 1982, Schwacke and Hager 1992) . A 50 µl aliquot of apoplastic fluid and 750 µl 50 mM potassium phosphate pH 7.9 were mixed in a cuvette and placed in an Optocom I luminometer (MGM Instruments, Handen, CT, U.S.A.). Initially 100 µl of 0.5 mM luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) in 50 mM potassium phosphate pH 7.9 were injected into the test tube and 5 s later the reaction was started by injecting 100 µl 14 mM K 3 Fe(CN) 6 (freshly prepared). The chemiluminescence was integrated for 5 s after starting the reaction. The specificity of the chemiluminescence for H 2 O 2 was verified by adding 90 units ml -1 of catalase (EC 1.11.1.6) from bovine liver (Sigma España), to apoplastic extract (prepared without 5% TCA) buffered with 50 mM potassium phosphate pH 7.0 (final volume = 1 ml). After incubation for 10 min at 30°C, the chemiluminescence was recorded showing background levels.
Ascorbate determination
The apoplastic fluid for ascorbate determination was obtained as described above but 10 mM NaN 3 was added to the infiltration solution to prevent the action of ascorbate oxidase (Takahama and Oniki 1994) . The apoplastic fluid was recovered on 50 mM perchloric acid and ascorbate analysed by HPLC using a LiChrospher 100 RP 18 column (25×0.4 cm, 5 µm) combined with an amperometric detector with a carbon work electrode and an Ag/AgCl reference electrode and an 0.8 V potential (Pachla and Kissinger 1979) . Samples were eluted isocratically at 0.7 ml min -1 with 80 mM potassium phosphate, pH 7.8, in 20% methanol. The ascorbate acid peak was identified by co-elution with genuine ascorbate as well as by its disappearance after addition of commercial ascorbate oxidase (EC 1.10.3.3, Sigma España, Spain).
Glucose-6-P dehydrogenase
The absence of cytoplasmic contamination in the different apoplastic preparations was assessed by measuring glucose-6-P dehydrogenase according to Sánchez et al. (1997) .
Statistical analysis
All extensibility measurements represent the mean value of 7-8 measurements with ± SE. The Student's t test was performed. GraphPad InStat version 3.00 (GraphPad Software, San Diego, CA, U.S.A., www.graphpad.com) was used for linear regression analysis.
